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Abstract: How does the developing brain support the transition from spoken language to print? Two
spoken language abilities form the initial base of child literacy across languages: knowledge of lan-
guage sounds (phonology) and knowledge of the smallest units that carry meaning (morphology).
While phonology has received much attention from the field, the brain mechanisms that support mor-
phological competence for learning to read remain largely unknown. In the present study, young
English-speaking children completed an auditory morphological awareness task behaviorally (n5 69,
ages 6–12) and in fMRI (n5 16). The data revealed two findings: First, children with better morpholog-
ical abilities showed greater activation in left temporoparietal regions previously thought to be impor-
tant for supporting phonological reading skills, suggesting that this region supports multiple language
abilities for successful reading acquisition. Second, children showed activation in left frontal regions
previously found active in young Chinese readers, suggesting morphological processes for reading
acquisition might be similar across languages. These findings offer new insights for developing a com-
prehensive model of how spoken language abilities support children’s reading acquisition across lan-
guages. Hum Brain Mapp 36:2890–2900, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION
Acquisition of natural human languages typically pre-
cedes and predicts learning to read [Ziegler and Goswami,
2005]. Spoken words are comprised of sounds (phonemes)
and the smallest units of grammar that carry meaning
(morphemes); hence, children’s phonological and morpho-
logical abilities are important for learning to read across
languages [Carlisle and Goodwin, 2013; McBride-Chang
et al., 2013]. Phonological abilities help children map lan-
guage sounds onto their orthographic representations. In
contrast, morphological awareness supports children’s
ability to extract meaning in print through morphosyllabic
units [e.g., emotional; Ehri, 2014]. Thus, an understanding
of the brain-based mechanisms for morphophonological
competence, and how they emerge in the developing
brain, is essential to understanding how children become
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literate [Frost, 2012]. Yet, little is known about the brain
bases of morphological awareness [Aylward et al., 2003;
Liu et al., 2013] and whether they overlap or are inde-
pendent from the brain bases of phonological competence
[Deacon, 2012]. This study offers the first functional mag-
netic resonance (fMRI) brain imaging investigation of
young readers’ morphological abilities in the auditory
modality and their relation to literacy in the brain.
Research with alphabetic languages, like English, has
shown that phonological awareness contributes the most
to children’s early achievements in reading acquisition
[Ziegler and Goswami, 2005]. However, the balance begins
to shift away from phonology toward morphology around
3rd grade [Carlisle, 2000]. Originally, this trend was
thought to occur because phonology is a precursor for
learning to read, while morphology comes to support liter-
acy predominantly as a consequence of children’s phono-
logical, vocabulary and orthographic experiences [e.g.,
Share, 1999]. Newly emerging theoretical frameworks sug-
gest that morphological awareness is also an early-
emerging and significant contributor to reading acquisition
[Deacon, 2012]. Specifically, research now shows that mor-
phology makes a small but significant contribution to liter-
acy in 1st–3rd grades, even after controlling for variables
such as phonological awareness, vocabulary and IQ [Dea-
con, 2012]. Importantly, morphological awareness supports
multiple reading skills such as single word and pseudo-
word reading, as well as text comprehension [cf. Carlisle
and Goodwin, 2013; Marinova-Todd, Siegel, and Mazabel,
2013]. This is likely the case because English has many
instances of phonologically irregular but morphologically
regular spellings (e.g, magic-magician), and because mor-
phology taps into both the meaning and grammatical rep-
resentations of language [Deacon, 2012].
Finally, dyslexia research suggests that there might be
different consequences to having deficits in phonology
versus morphology. Specifically, children with phonologi-
cal word reading deficits might benefit from learning mor-
phological strategies as a compensatory mechanism for
reading [Elbro and Arnbak, 1996]. In contrast, children
with deficits in text comprehension, but not word reading,
show selective impairments in morphology but not in pho-
nology [Tong et al., 2011]. Despite the growing evidence
suggesting that it is equally important to understand the
cognitive underpinnings of morphological reading skill,
little is known about the brain bases of morphological
competence in young children [Aylward et al., 2003; Liu
et al., 2013], especially in the auditory modality, which
potentially precedes and predicts reading competence
[Deacon, 2012].
Emerging perspectives on literacy aim to explain read-
ing acquisition across languages, across development, and
in the brain [Frost, 2012; Perfetti, et al., 2013; Pugh et al.,
2013]. Recent research has found significant cross-
linguistic variation on how phonology and morphology
contribute to reading acquisition: Alphabetic orthographies
include relatively overt associations between phonology
and individual letters, whereas Chinese orthography offers
relatively more overt associations between morphemic
units and their characters [McBride-Chang et al., 2013].
Not surprisingly, neuroimaging studies of phonological
reading abilities also yield significant cross-linguistic dif-
ferences: Alphabetic readers show robust activation in left
temporal regions classically associated with phonological
processing [near Wernike’s area; Hoeft et al., 2006, 2007],
whereas Chinese readers show robust activation in left
frontal regions coupled with somewhat less activation in
left temporal regions [Siok et al., 2004, 2008]. It remains
unclear whether cross-linguistic differences stem from
highly salient lexico-semantic and morphological features
in Chinese [Liu et al., 2013; McBride-Chang et al., 2013],
higher mnemonic demands for characters, or greater
efforts to compute phonology with Chinese characters
[Cao et al., 2010; Siok et al., 2004]. The general paucity of
knowledge on the brain bases of morphology in young
children [Aylward et al., 2003; Liu et al., 2013] further
complicates the interpretation of divergent cross-linguistic
findings and impedes the construction of a comprehensive
model of how children’s language and cognition support
reading acquisition.
In particular, little is known about the brain bases of
morphological awareness, and to our knowledge, no study
has yet examined this ability in the auditory modality
with children. Children’s language abilities in the spoken
modality typically precede and predict reading acquisition
[Ziegler and Goswami, 2005]. While core language knowl-
edge, including morphology, can be effectively accessed
through both auditory and visual modalities in adult profi-
cient readers [Bozic, et al., 2013], studies with children
show that automaticity in accessing mental representations
for language via print continues to develop into the ado-
lescent years [Coch et al., 2002; Coch et al., 2005; Grossi
et al., 2001]. Therefore, this study used an auditory para-
digm to avoid confounding reading proficiency with child-
ren’s underlying morphological ability.
Previous neuroimaging studies on English morphology
that used visual tasks have found activation in left ventral
inferior (IFG BA 47) and middle frontal (MFG BA 9)
regions in both adults and older children [Aylward et al.,
2003; Bozic et al., 2007, 2013; Bick et al., 2008]. These
regions are also typically active in young Chinese readers
during phonological reading tasks [Bolger et al., 2008;
Brennan et al., 2012; Cao et al., 2010, 2011; Siok et al., 2004,
2008], possibly due to children’s greater morphological
processing when reading in Chinese [McBride-Chang
et al., 2013]. We hypothesized that English-speaking chil-
dren (ages 6–12) should also exhibit significant activation
in left ventral inferior (BA 47) and middle frontal (MFG
BA 9) regions during an auditory morphology task. In this
study, children completed language and literacy tasks, and
a subset also completed an auditory morphology task dur-
ing fMRI scanning. To explore the potentially common
and distinct brain mechanisms that support morphology
and other aspects of metalinguistic competence across
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languages, we conducted whole-brain analyses for the
morphological task used in this study, as well as region of
interest analyses with left temporoparietal and frontal
regions that were reported active during phonological
reading tasks in English [Hoeft et al., 2007] and in Chinese
[Siok et al., 2004].
MATERIALS AND METHOD
Participants
Sixty-nine English-monolingual children completed lan-
guage and literacy tasks (33 females; age range5 6.1–12.8
years-old, mean age [M]5 9.1 years, standard deviation
[SD]5 1.8). A subset of 20 right-handed children also com-
pleted a morphological awareness task in the fMRI scan-
ner, however, four participants were excluded due to
below 70% task accuracy. Consequently, a subset of 16
participants’ neuroimaging data was analyzed (8 females;
age range5 6.6–12.5 years-old, M5 9.3, SD5 1.6). The
study was broadly advertised throughout the community
in southeast Michigan (libraries, gyms, afterschool pro-
grams etc.). After an initial phone or e-mail screening for
age, handedness and neurodevelopment disabilities, the
participants were invited for a mock-scanner visit and
behavioral assessments. All participants that fit the eligibil-
ity criteria (see below) and were still interested in fMRI
imaging after visiting the mock scanner were then invited
to participate in the fMRI scanning. All participants in this
study met eligibility criteria, including: native English
speaker, typical development with no history of cognitive/
motor developmental difficulties and brain injury, no cur-
rent regimen of medication affecting brain functioning,
normal hearing, and a standard score above 85 (21.5 SD)
for IQ and reading ability as measured by the Kaufman
Brief Intelligence Test of Verbal Knowledge [KBIT-2; Kauf-
man and Kaufman, 2004] and Woodcock Reading Mastery
Tests (WRMT) [Woodcock, 1998], respectively. The study
was reviewed and approved by medical institutional
review boards; parents and children completed informed
consent/assent forms and were monetarily compensated
for their time.
Procedure
All children completed assessments of morphological
awareness (see details below), phonological awareness
[Elision subtest, Comprehensive Test of Phonological Proc-
essing; Wagner, et al., 1999], and single word reading
[Word ID subtest, WRMT; Woodcock, 1998] while their
TABLE I. Mean and standard deviation task performances for participants taking part in behavioral-only
and neuroimaging sessions
Variable
Behavioral-only M6 SD Neuroimaging M6 SD
53 participants 16 participants
Age in years 9.046 1.84 9.286 1.56
Behavioral measures
Phonological Awareness Raw Score 15.586 4.04 15.636 4.21
Phonological Awareness Standard Scorea 12.236 2.62 11.756 2.02
Morphological Awareness Raw Scoreb 27.066 2.25 27.946 1.24
Reading Raw Score 68.796 17.98 72.136 20.19
Reading Standard Score 115.126 10.89 116.096 11.31
KBIT-2 Standard Score 113.26 10.84 115.946 12
Morphology Condition (% correct)c 82.386 10.43 82.036 11.78
Morphology Condition RT (ms.)c 2,6426 389 2,6986 353
In-scanner task performanced
Morphology Condition (% correct) — 76.676 11.44
Morphology Condition RT (ms) — 2,5996 205
Control Match Condition (% correct) — 94.726 16.02
Control Match Condition RT (ms) — 2,4066 257
Mean performance scores are presented separately for those who completed behavioral-only, and for those who completed neuroimag-
ing and behavioral.
aThis subtest standard score is based on a mean of 10 rather than 100.
bTwo children in the behavioral-only group did not complete this task due to failure to complete practice trials correctly. The morphol-
ogy task included a total of 30 items; that is, 2 subtests of decomposition (18 items) and derivational (12 items) morphology.
cTask performance for 7 children in the behavioral-only group and 1 child in the neuroimaging group is missing due to technical error,
experimenter error, and/or participant not passing practice trials.
dIn-scanner task accuracy performance for 1 participant and response time for 2 participants are missing due to technical error.
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parents completed a detailed questionnaire about their
child’s development. See Table I for children’s perform-
ance on all tasks. Participants were then invited to an
fMRI session after visiting a mock scanner and agreeing to
participate in the imaging part of the study. Before fMRI
scanning, children completed a computer version of the
task with a set of practice stimuli.
Morphological awareness behavioral task
Children completed a modified version of the Test of
Morphological Structure [Carlisle, 2000] that included
subtests of decomposition and derivational morphology.
In the decomposition subtest, participants were instructed
to take away part of a given word to correctly complete a
sentence, such as “Driver. Children are too young to. . .
(‘drive’).” In the derivation subtest, participants were
instructed to add a part to a given word to correctly com-
plete a sentence, such as “Help. Mother says I am a
good. . . (‘helper’).” A composite score for each participant
included 18 decomposition and 12 derivation sentences.
Each subtest also included 2 additional practice items. The
experimenter presented the trials aurally (no reading was
involved from the participant).
Imaging Experimental Design
Children who partook in the fMRI session completed a
derivational morphology task during brain scanning. The
task was based on English derivational morphology princi-
ples [Carlisle, 2000], and its methodology previously used
for assessing morphological competence in young Chinese
readers and prereaders [asking children to generate or
judge novel morphological word items; McBride-Chang
et al., 2003]. The task included an experimental morphologi-
cal awareness condition, a control word-matching condi-
tion, and rest periods. During resting periods, a white
fixation cross was displayed on a black background. During
the morphological awareness condition, participants heard
a high-frequency real word (e.g., “jump”) and a morpho-
logically derived new word (“re-jump”), in which the new
word either conformed to or violated morphological struc-
tures of English. Participants were asked to indicate with a
button-press whether the new word was a good (accepta-
ble) or a bad (unacceptable) word. For example, “re-jump”
is acceptable because the prefix re- can be applied to verbs
as to define that something can be done again; conversely,
re-apple is unacceptable because the prefix re- cannot be
applied meaningfully to nouns. The morphology condition
included verbs and nouns with lexical morphemes that
were appropriate for testing at this age [Carlisle, 2000].
Other derivational morphemes used in the study were un-,
-er, -ness, -ly, and –ful. In half of the trials, the derivational
rules of morphology were applied correctly (“jump”
“re-jump”), while the rules were applied incorrectly in the
remaining trials (“apple” “re-apple”). See Supporting Infor-
mation Appendix A for stimuli.
During the control condition, participants heard two
words and made judgments using button-presses on
whether the words were identical or not (e.g., “car” and
“car” are identical; “key” and “pen” are not). In designing
the control condition, we had to take into account that mor-
phology is a higher order linguistic process that involves
access to phonology (word sounds), semantics (word
meanings), and word structure (grammar). Therefore, we
used a language-based word-matching control task in
which participants heard two words and decided if the
two words were the same or not. In this control task, chil-
dren had to access the word sound, meaning, and structure
as well as retain two words in phonological short-term
memory to make the judgment. We designed this control
task to best match the processes required for completing
the experimental morphology task, with the exception of
the added effort for actively evaluating morphological
structure. We have validated the utility of this control task
in our prior published work [Kovelman et al., 2012], in
which we used this task as a control for a phonological
awareness rhyme judgment task. In our previous work on
phonological awareness, this control method successfully
yielded group differences in brain activation between typi-
cal and dyslexic readers during contrasts between the
experimental phonological rhyme task and the control
word matching task [see Kovelman et al., 2012].
The 7-min blocked design task included six 24-s random-
ized blocks for each condition (morphology, control and
rest). Participants received an audio and visual prompt
indicating whether the upcoming condition was a “word
game” (morphology condition) or a “matching game” (con-
trol condition). Experimental (morphology and control con-
ditions) blocks included four 6-s trials, which totaled 24
trials per condition. During each trial, the first word was
played and the second word followed 2-s later with an
average of 1.5-s between the words. Children saw a fixa-
tion cross during presentation of the words and a question
mark during the last 2-s of the trial cuing for a button-
press response. The order of trials and blocks was random-
ized with an equal number of “yes” and “no” answers.
Stimuli
All words were child-friendly, high-frequency monosyl-
labic words matched within and across conditions (mor-
phology and control) for concreteness, written and verbal
frequency, number of sounds, syllables and letters (data
from MRC Psycholinguistic database). Ad hoc t-tests com-
paring the conditions within and across were nonsignifi-
cant (P> 0.05). All words were recorded by a female-
speaker who was native to the Midwest region in the
United States (same locale as the participants). The words
were then filtered and normalized to 80-dB using Adobe
Audition 1.5 software. The task was presented using Psy-
chophysics Toolbox Version 3 (PTB-3) in MATLAB (2010a,
MathWorks). While in the fMRI, sounds were played
using Pyle Home PCA1 30-Watt Stereo Mini Power
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amplifier to moderate the volume, and children wore Sen-
simetrics insert earphones model S14 and MRI nonmag-
netic earmuffs Ultra-33 (NRR 33) to attenuate scanner
noise and allow better quality of audio.
Imaging Data Acquisition
Image acquisition was collected using a 3 Tesla GE
Signa scanner equipped with a quadrature head coil (Gen-
eral Electric, Milwaukee, WI). Participants used a button
box to make responses. The task was projected onto a
screen and participants wore goggles with built-in mirrors
(VisuaStim XGA, Resonance Technologies) to view the dis-
play. Foam padding and a cloth forehead restraint were
used to prevent head movement. A T1 overlay with Fast
Gradient Echo Sequence 15 was conducted to obtain an
anatomical image (TR5 250 ms, TE5 5.7 ms, flip
angle5 90, field of view (FOV)5 24 cm, 43 slices). Auto-
matic slice prescription, based on alignment of localizer
scans to a multisubject atlas, was used to achieve a consist-
ent head position across subjects. Functional T2* BOLD
images were acquired with a spiral reverse only sequence.
For each TR, 43 3 mm slices were captured (TR5 2,000
ms, TE5 30 ms, flip angle5 90, FOV5 22 cm, voxel
size5 3.44 mm 3 3.44 mm 3 3 mm).
Imaging Data Analysis
Imaging data was processed and analyzed using statisti-
cal parametric mapping software SPM8 (Wellcome Depart-
ment of Cognitive Neurology, London, UK) using
MATLAB (2011a, MathWorks). We performed the follow-
ing steps in the following order: slice timing, realignment,
normalisation, and smoothing. There were a total of 218
TRs (excluding 4 dummy scans). After image reconstruc-
tion, each subject’s data was realigned to the first func-
tional volume using SPM8’s spline interpolation.
Movement parameters calculated by SPM8 realignment
were used to exclude volumes with potential artifacts.
This procedure was implemented for each participant sep-
arately. Sessions were then normalized using the mean
functional volume into a standard EPI anatomical space;
these were then resampled to fit Montreal Neurological
Institute (MNI) stereotactic space. Spatial smoothing was
done using a 6-mm full-width half-maximum Gaussian fil-
ter, which is a typical level for reducing noise that Hopfin-
ger et al. [2000] have found to work best for examining
data in the cortex. Smoothing was done after normalisa-
tion to increase the probability that the activity was
reflected in the grand average accurately. Each subject’s
data was then high-pass filtered at 128 s; we chose 128 s
due to the length of our blocks. Poldrack et al. [2011]
suggest that the high-pass filter should be at least twice the
period of a block, but given that we had two experimental
conditions each lasting 24 s and our participants were chil-
dren, we decided on the standard 128 s high-pass filter.
Each subject’s data was then analyzed using a fixed-
effects model that included morphology and control condi-
tions as factors; rest served as the implicit baseline and
was not included as a regressor in the model. For each
participant, BOLD impulse response was then modeled
using the dual-gamma canonical hemodynamic response
function. Statistical images for the following contrasts
were generated: control> rest, morphology> rest, con-
trol>morphology, and morphology> control.
Second-level analyses were performed to obtain group-
level contrast images, which were then examined using
one-sample t tests for whole-brain activations. Analyses
that included contrast images against rest (control> rest,
morphology> rest) had a height threshold of P < 0.001
and extent threshold (ET) of> 35 voxels. Analyses that
included both of the experimental conditions (con-
trol>morphology, morphology> control) had a height
threshold of P < 0.005 and ET of> 30 voxels. All analyses
were corrected for multiple comparisons at P < 0.05 (False
Discovery Rate, [FDR]).
Brain-behavior associations were examined using whole-
brain correlations between children’s brain activity in the
morphology> control contrast image to age, task accuracy
on phonological awareness and behavioral morphological
awareness task (overall score and each subtest [decompo-
sition and derivational]), separately. Whole-brain analyses
were FDR corrected for multiple comparisons at P< 0.05,
height threshold P< 0.005, ET> 15 voxels.
Region of interest analyses
To further examine morphophonological segmentations
during reading acquisition, we correlated children’s behav-
ioral performance in the phonology, morphology, and
reading tasks to brain regions considered to support Eng-
lish and Chinese phonological reading processes. We
applied several principled criteria for selecting regions of
interest (ROI) from previous research to use in our study:
First, given that our study aimed to understand morpho-
logical relative to phonological awareness processes in
young children, we chose developmental studies of phono-
logical awareness with child participants’ age ranges simi-
lar to this study. Second, as we hoped for the results to
generalize across typical development and dyslexia, we
chose studies that included both typically developing chil-
dren and children with dyslexia. Finally, the English lan-
guage study [Hoeft et al., 2007] that was chosen was the
only study matching the criteria that also included chil-
dren who were both age- and reading ability-matched to
children with dyslexia. The Chinese language study cho-
sen [Siok et al., 2004] was the first to demonstrate cross-
cultural differences in the brain bases for phonological
awareness and developmental dyslexia in Chinese.
To examine English morphophonological competence,
we extracted participants’ activation in the morpholo-
gy> control contrast image from the selected left supra-
marginal gyrus region [MNI coordinates: x = 252,
r Arredondo et al. r
r 2894 r
y = 242, z5 40; Hoeft et al., 2007]. To examine morpholog-
ical competence compared to previous research with Chi-
nese readers on phonological competence, we extracted
participants’ activation in the morphology> control con-
trast image from the selected left middle frontal gyrus
(MFG) region [MNI coordinates: x = 250, y = 10, z5 38;
Siok et al., 2004]. MarsBaR toolbox [Brett, et al., 2002] in
SPM8 was used to create spheres of 8-mm radius and
extract these regions’ beta values. During ROI extraction,
the data was normalized using a hemodynamic response
function and the temporal derivate to extract the percent
signal change of contrast images. For details of the method
see http://marsbar.sourceforge.net/
RESULTS
Behavioral Results for Phonology, Morphology
and Reading Acquisition
Partial correlations controlling for age revealed that chil-
dren with better phonological and morphological abilities
also performed better in reading, r(64)5 0.63, P < 0.001
and r(64)5 0.42, P< 0.001 respectively. To investigate
whether phonology and morphology were independent
predictors of English literacy and whether their relative
contribution changed over time, we conducted standard
multiple regression analyses across younger (ages 6–9) and
TABLE II. Standard multiple regression analyses predict-
ing reading in younger (6- to 9-years-old; R25 0.60) and
older (9- to 12-years-old; R25 0.22) learners of English
literacy
Phonological
Awareness
Morphological
Awareness
Predictors Standardized Beta t Standardized Beta t
Younger Readers
(n5 34)
0.54c 4.23 0.37b 2.89
Older Readers
(n5 35)
0.27 1.6 0.34a 2.56
ap# 0.05. bp# 0.01. cp# 0.001.
TABLE III. Children’s brain activation during morphological awareness processing (control> rest, morphology> rest,
and morphology> control contrasts)
Brain Regions Brodmann Areas Hemisphere ET x y z t
Control>Resta
Inferior/middle occipital gyri 18 L 676 226 294 212 9.73
Superior/middle temporal gyri and
(inferior) parietal lobe
22, 13, 41, 42, 21,40 L 3,072 248 228 10 8.87
Superior/middle temporal gyri and
parietal lobe
22, 41, 21, 42, 13 R 2,628 68 224 0 8.28
Inferior/middle occipital gyri 18 R 713 32 278 28 7.08
Morphology>Resta
Superior/middle temporal gyri and (inferior)
parietal lobe
22, 13, 41, 21, 42, 40 L 2,969 252 238 16 10.42
Inferior/middle frontal gyri 6, 9, 45, 47, 13, 46, 44 L 2,515 236 22 22 9.48
Superior motor areas; superior/medial
frontal and cingulate gyri
8, 6, 32 L 1,266 22 16 52 9.19
Superior/middle temporal, inferior frontal
gyri, and parietal areas
22, 41, 21, 42, 47, 13 R 2,054 58 222 4 8.7
Inferior/middle occipital gyri 18 L 579 214 2104 22 8.01
Inferior/middle occipital gyri 18 R 771 20 298 210 7.24
Morphology>Controlb
Superior frontal gyrus 6 B 141 24 4 70 7.89
Anterior superior temporal gyrus 38 L 16 242 18 226 7.12
Inferior frontal gyrus 45, 47, 13 L 543 252 22 22 6.97
Middle/inferior frontal gyri 46, 6, 9 L 667 246 12 40 6.90
Whole-Brain Correlation: Morphological Awarenessc
Superior temporal gyrus and inferior parietal lobe 42, 40, 22 L 112 264 234 14 5.85
Whole-Brain Correlation: Morphological Awareness—
Derivational Morphologyc
Superior temporal gyrus and inferior parietal lobe 42, 40, 22 L 132 264 234 16 5.76
Brain activations for Control>Rest, Morphology>Rest, Morphology>Control, and whole-brain correlation with morphological aware-
ness (entire task and derivational morphology). Montreal Neurological Institute (MNI) coordinates.
aFDR corrected for multiple comparisons at P< 0.05, height threshold P< 0.001, ET> 35 voxels.
bFDR corrected for multiple comparisons at P< 0.05, height threshold P< 0.005, ET> 30 voxels.
cFDR corrected for multiple comparisons at P< 0.05, height threshold P< 0.005, ET> 15 voxels.
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older (ages 9–12) readers, splitting at the mean age of the
sample (9-years-old). The results indicated that phonologi-
cal and morphological awareness explained 57.1%
(R25 0.60, F(2,32)5 22.26, P< 0.001) of the variance for
younger readers and 17.3% (R25 0.22, F(2,33)5 4.45, P =
0.02) for older readers. Analyses revealed that both varia-
bles made significant and independent contributions to
younger children’s literacy, but only morphology was a
significant contributor for older children’s reading ability
(see Table II).
Brain Bases of Morphological Language Ability
See Table III for brain imaging results, including Brod-
mann areas (BA). In the control condition (word-match-
ing), whole brain analyses for the control> rest contrast
revealed that children showed significant activation in
bilateral occipital, temporal and parietal regions (see Fig.
1a). In the morphology condition, whole-brain analyses for
morphology> rest contrast revealed that children showed
significant activation in bilateral regions including occipi-
tal, temporal, inferior frontal and parietal regions, as well
as left brain regions including middle/superior/medial
frontal, cingulate gyrus, and superior motor areas.
In the whole-brain contrast for morphology> control,
analyses revealed that children showed significant activa-
tion in bilateral superior frontal gyri (SFG), left MFG and
inferior frontal gyri (IFG), as well as anterior superior tem-
poral gyrus (aSTG; see Fig. 1 and Table III). The whole
brain analysis for control>morphology contrasts did not
reveal any significant activation that passed the FDR
threshold.
To examine the relationships between the morphological
processing regions, whole-brain correlations were per-
formed between the morphology> control image contrasts
and age, phonological awareness, behavioral morphology
(overall score, as well as decomposition and derivational
subtest scores), and reading performance. The whole-brain
correlation on the overall score of the behavioral morphol-
ogy task revealed that children who performed better had
stronger activation in left superior temporal and inferior
parietal regions (see Table III and Fig. 2). This finding was
followed with separate whole-brain correlation analyses for
derivational and decomposition morphology subtests, in
which we found that the derivational subtest reached signifi-
cance thresholds for positive correlations in the same regions
as reported for the overall score, see Table III. There were no
significant correlations that passed the FDR threshold with
participants’ age, phonological awareness, decomposition
morphology subtest, and single word reading scores.
Second, ROI analyses revealed that children who per-
formed better in morphological competence also showed
greater activation in regions previously associated with
phonological abilities in English (left supramarginal gyrus:
r(14)5 0.58, P5 0.02) and in Chinese (left MFG:
r(14)5 0.53, P5 0.03); see Figure 3 for visualization of
these correlations. We also correlated these regions to par-
ticipants’ age, phonological awareness and reading ability
scores, but these results were nonsignificant. Additionally,
children’s brain activation between these ROIs correlated,
r(14)5 0.67, P5 0.005.
Figure 1.
Brain activation for (a) Control>Rest, FDR corrected for mul-
tiple comparisons at P< 0.05, height threshold P< 0.001,
ET> 35 voxels. (b) Morphology>Control contrasts, FDR cor-
rected for multiple comparisons at P< 0.05, height threshold
P< 0.005, ET> 30 voxels. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
Figure 2.
Whole-brain correlations revealed greater activation in left
temporo-parietal regions in children with better morphological
competence (Morphology>Control contrast; FDR corrected
for multiple comparisons at P< 0.05, height threshold P< 0.005,
ET> 15 voxels). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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DISCUSSION
Phonological and morphological language abilities sup-
port children’s reading acquisition, yet little is known
about the brain bases of morphological development in
young readers [Frost, 2012; Perfetti, et al., 2013; Pugh
et al., 2013]. We used behavioral tasks of language and lit-
eracy to confirm that phonological and morphological abil-
ities independently contribute to children’s development
of literacy, and that morphological competence continues
to contribute to reading success in older readers [see prior
cross-linguistic work for English: Berninger, et al., 2010;
Spanish: Ramirez, et al., 2011; Chinese: Zhang et al., 2013].
During the morphological brain-imaging task, children
showed activation in left IFG and anterior STG regions, as
previously reported in studies of word structure and
meaning [Booth et al., 2006; Bozic et al., 2013; Friederici,
2002]. Moreover, the children showed significant correla-
tions between their morphological competence and brain
activation in regions previously reported active during
phonological awareness reading tasks in English [Hoeft
et al., 2007] and in Chinese [Siok et al., 2004]. In sum, the
convergent behavioral and brain imaging findings high-
light the relevance of morphological processes for learning
to read and that, for young readers, morphological tasks
engage brain regions associated with processing word
meaning and word structure.
Theoretical perspectives specific to alphabetic literacy
suggest that a key characteristic of advanced reading
ability is being able to progress beyond sound-to-letter
mapping and to learn to rapidly recognize entire morpho-
syllabic units on a printed page [Ehri, 2014]. Consistent
with this idea, the behavioral results of this study showed
that both phonology and morphology explained a signifi-
cant amount of variance in young children’s (ages 6–9)
reading ability, each being a separate and significant pre-
dictor of literacy. In contrast, for older children (ages 9–
12), only morphological competence explained a significant
amount of variance in children’s reading ability. This
developmental effect has been found in “deep” alphabetic
orthographies like English [Carlisle, 2000; Roman, et al.,
2009] and in “shallow” alphabetic orthographies like Span-
ish [Ramirez et al., 2011]. Importantly, while this analysis
only included tasks of phonology and morphology, the
validity of the present finding is supported by studies that
have shown similar results using a broader range of lan-
guage and literacy measures, including vocabulary, rapid
automated naming and working memory tasks [Deacon,
2012; Tong et al., 2011, Deacon and Kirby, 2004; McBride-
Chang et al., 2005; Wolter, et al., 2009].
Brain imaging results revealed that during the control
word-matching brain imaging task, children showed acti-
vation in bilateral superior and middle temporal regions
typically associated with auditory word recognition
[Zatorre et al., 1996]. The morphology task also engaged
these regions, as well as bilateral frontal regions (Table
III). The direct comparison between the morphology and
the word-matching control task (morphology> control
contrast) revealed significant activation in left inferior and
middle frontal regions, including a ventral aspect of IFG
(BA 47), IFG (BA 45), MFG (BA 46/9), and anterior STG
(BA 38). Researchers typically find that left ventral IFG
(BA 47) is active during tasks of lexicosemantic access,
while anterior STG has been linked to morphosyntactic
processes [cf. Friederici and Gierhan, 2013]. Activation in
left IFG BA 45 is frequently found during a broad range of
language tasks spanning phonology, syntax and semantics
[e.g., Friederici and Gierhan, 2013; Bozic et al., 2013]. Yet,
children did not show significantly greater activation dur-
ing the morphology task relative to the control word-
matching task in regions typically associated with
phonology-specific analyses, that is dorsal IFG (BA 44)
and posterior STG regions [Booth et al., 2006; Katzev et al.,
2013; Petitto et al., 2000]. The findings converge with adult
research that contrasts lexical, morphological and phono-
logical processes: greater activation in ventral IFG (BA 47)
during morphological and lexical decision tasks [Bozic
et al., 2013], greater activation in dorsal IFG (BA 44) dur-
ing phonological tasks [Katzev et al., 2013], and shared
activation in left IFG (BA 45) region across lexico-
semantic, lexical and verbal morphology, as well as pho-
nological tasks [Bozic et al., 2013; Friederici and Gierhan,
Figure 3.
(a) Figure showing location of ROI 8-mm spheres. Following are ROI scatterplots for correla-
tions between morphology scores to signal change in Morphology>Control contrast, (b) left
MFG (Siok et al., 2004), and (c) left SMG (Hoeft et al., 2007). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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2013; Tan et al., 2005; Zatorre et al., 1996]. These conver-
gent developmental and adult findings hint at the possibil-
ity that at least in English, morphology tasks may engage
cognitive processes (and associated brain regions) impor-
tant for lexico-semantic and syntax-based tasks (ventral
IFG, aSTG), as well as those that integrate various levels of
language analyses, possibly localized around the general
area of left IFG (BA 45).
During the morphology task, children showed signifi-
cant activation in left MFG (BA 46/9), a region also found
active during a broad variety of language tasks that
include a verbal working memory component [cf. Smith,
et al., 1998]. Importantly, activation in both ventral IFG
and MFG regions are consistently found across studies
that use phonological [Cao et al., 2009; Siok et al., 2004,
2008] and/or morphological [Liu et al., 2013] reading tasks
in Chinese. We suggest that these two regions might be
important for retrieving and evaluating the meaning and
structure of suprasegmental or morphosyllabic language
units [Bozic et al., 2013], which is an important aspect of
learning to read across languages, especially during both
early and later stages of learning to read in Chinese
[McBride-Chang et al., 2011].
Whole-brain correlation analyses revealed that children
with better morphological abilities also showed greater acti-
vation in left superior temporal and inferior parietal regions
(Fig. 2); similar results are found during tasks of phonologi-
cal awareness [e.g., Frost et al., 2009]. Based on prior behav-
ioral findings, at least two interpretations are possible:
Research shows that improvement in phonological aware-
ness and experiences with sound-to-letter mapping contrib-
ute to children’s growing morphological competence [cf.
Ehri, 2014]. Thus, one possibility is that morphological com-
petence builds on phonological competence and the func-
tioning of brain regions that support phonological
awareness. Another related possibility is that shared cogni-
tive processes underlie children’s improvement in a broad
range of metalinguistic abilities, including phonological and
morphological awareness abilities [Carlisle and Goodwin,
2013], and hence are supported by the functioning of simi-
lar temporal and parietal brain regions.
Finally, in an attempt to provide a first-time bridge on
cross-linguistic cognitive differences between alphabetic
and nonalphabetic literacy at the level of morphological
competence, we correlated children’s brain activity in the
left supramarginal gyrus, which is associated with typical
reading acquisition and dyslexia in English [Hoeft et al.,
2007], as well as left middle frontal regions associated
with typical reading and dyslexia in Chinese [Siok et al.,
2004]. Remarkably, we found that children’s activation in
both of these regions was positively related to their mor-
phological ability, which in turn was related to their
reading ability. There were no significant correlations
between the children’s activation (whole-brain and ROIs)
and their age or to other language or reading abilities, pos-
sibly due to loss of power by our low sample size. In sum,
it is possible that the significant correlations found
between children’s morphological competence and brain
activation in left middle frontal and supramarginal regions
previously found active during phonological awareness
tasks in Chinese and in English, respectively, suggest that
the functioning of these regions might support multiple
types of metalinguistic abilities necessary for learning to
read across languages.
The innovation of this study is the investigation of the
brain bases of morphological awareness in the auditory
modality in young alphabetic readers using fMRI imaging.
The study developed a new, fMRI-compatible morphologi-
cal awareness task and contrasted children’s brain activa-
tion during this task against their brain activity during a
word-matching control task. Akin to the morphology task,
the control task also engaged phonological, morphological
and semantic processes necessary to access word form and
meaning. A similar control task was previously used to
show differences in brain activation for phonological proc-
essing between typical and dyslexic young readers [Kovel-
man et al., 2012; Raschle, et al., 2012], suggesting that left
inferior/middle frontal and left superior temporal activa-
tion stemmed from a combined difference in brain activity
between control and experimental measures of phonology.
Yet, some of the limitations of this study include a limited
sample size along with a wide age range. The study also
does not include children who speak languages other than
English. Nevertheless, the convergence between present
and past behavioral, neuroimaging and cross-linguistic
findings reinforce the idea that shared morphophonologi-
cal and metalinguistic processes support children’s emer-
gent literacy across languages [Carlisle and Goodwyn,
2013; Frost, 2012; Pugh et al., 2013]. Another significant
limitation is that this study only included tasks of morpho-
logical competence. Thus, while we find significant activa-
tion in regions thought to be specific to lexico-semantic
(ventral IFG) and not phonology-specific [dorsal IFG or
posterior STG; Katzev et al., 2013], further investigations
that directly contrast experimental measures of morphol-
ogy and phonology are necessary to adjudicate the speci-
ficity of shared and unique cognitive bases for
morphology relative to phonology.
CONCLUSION
New theoretical perspectives suggest that by under-
standing morphological processes in addition to the typi-
cally considered phonological processes, we can better
understand developmental mechanisms that give rise to
reading acquisition across languages [Frost, 2012; Geva
and Wang, 2001; Zhang et al., 2013]. This study aimed to
shed light on the brain bases of morphological awareness
in English-speaking children. During the morphological
awareness task, relative to control word matching task,
children showed significant activation in brain regions typ-
ically reported as active during imaging tasks of word
structure (aSTG) and word meaning (ventral IFG). These
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findings suggest that additional lexico-semantic and gram-
matical processes are necessary to complete a morphologi-
cal computation task, as compared to a simpler word
matching control task. Moreover, the finding of significant
correlations between children’s morphological competence
and brain activation in left middle frontal and supramargi-
nal regions previously found active during phonological
awareness tasks in Chinese and in English, respectively,
suggests that the functioning of these regions might sup-
port multiple types of metalinguistic abilities necessary for
learning to read across languages. Taken together, these
findings pave the way for new insights for developing a
comprehensive model of how spoken language abilities
support children’s reading acquisition across languages.
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